Introduction
The elemental distribution in organs and cells yields important information for the plant science field, to which experiments studying ion transporters/channels and plant nutrition have made significant contributions in the past decade. To support these experiments, several methodologies for determining the histological distribution of elements at the tissue and cellular level have been developed. For example, due to the research development and modification of specific ion indicators, more ions can be detected in situ (Dean et al. 2012 , Hao et al. 2013 . Experiments using ion indicators have the advantage that no special instruments are needed other than a confocal fluorescence microscope, and indicators can discriminate between chemical forms. Several instruments for elemental mapping at the microstructural level have also been developed, such as scanning electron microscopy with energy dispersive X-ray spectrometry and synchrotron radiation X-ray fluorescence (Lombi et al. 2011, Wu and Becker 2012) . These techniques can survey multiple elements simultaneously, and some can even reveal the chemical form of the element. Conversely, the application of radionuclides as tracers has advantages in the sensitivity and their utility in pulse-chase analysis. Radioluminography or autoradiography is generally used to create a radioactivity distribution image. The imaging plate (IP) (GE Healthcare UK), which is based on radioluminography, has high sensitivity, high quantitative performance and a simple protocol, although the resolution does not exceed 10 mm per pixel due to the dedicated image reader. In fact, the actual resolution could be worse than 10 mm due to methodological reasons; for example, the thickness of the photostimulable phosphor layer (between 50 and 120 mm) can increase the detection of oblique rays (Izumi et al. 2006) . In contrast, microautoradiography (MAR) has a higher resolution for providing a distribution image of radiolabeled molecules at the cellular level, although its sensitivity is lower than that of IP. Also, newly developed cryo-time-of-flight secondary ion mass spectrometry is a powerful tool to visualize the movement of water and some nutrients in plant tissues on the basis of the elementand isotope-specific detection methodology, but there are some limitations that remain to be overcome (Metzner et al. 2010 , Iijima et al. 2011 .
The basic MAR technique was established in the 1970s (Fischer and Werner 1971, Rogers 1979) , and the practical protocol has been modified individually depending on the Plant Cell Physiol. 55(6): 1194-1202 (2014) doi:10.1093/pcp/pcu056, available online at www.pcp.oxfordjournals.org ! The Author 2014. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com sample and the labeled compound (Solon et al. 2010) . In plant samples, cryofixation followed by freeze-substitution is now widely used in the analysis of water-soluble compounds such as sucrose (Moysset et al. 2006, Polit and Nazarski 2013) . Then, evaluation of the retention efficiency of each compound within the tissue during the process of fixation and substitution is needed to ensure the accuracy of the technique (Fisher and Housley 1972, Rogers 1979) . However, the evaluation procedure can require a considerable amount of time, representing an additional obstacle for the MAR technique. If fresh-frozen sections can be directly used for the autoradiographic exposure without fixation or substitution, no examination of retention is required, thus permitting the incorporation of MAR into a variety of experimental plans. MAR using fresh-frozen sections is a powerful technique for revealing the histological distribution of multiple radiolabeled compounds regardless of their chemical character (Hammarstrom et al. 1965) . Nevertheless, previously reported MAR protocols using fresh-frozen sections were found to be prone to artifacts and difficult to master (Solon et al. 2010) , prompting plant scientists to avoid MAR using freshfrozen sections. However, in animal research, MAR using fresh-frozen sections is frequently employed, and the technique is supported by improved adhesive film together with a special embedding material for preventing tissue loss (Kawamoto 2003) , which has been confirmed to be effective in sectioning frozen rice stem samples (Kobayashi et al. 2013) . In this study, we report a newly developed convenient and permanent MAR protocol for fresh-frozen plant sections aiming for the routine usage of this strategy in plant science research. The obtained MAR images using 
Results
The MAR protocol developed in this study was designed to maintain the quality of the section. After a series of trials, the most rational choice was found to be the insertion of the thin film between the section and the photosensitive nuclear emulsion to separate these components before development of the microautoradiographs (see the Materials and Methods). The transverse section of the basal shoot consists of the stem, and several leaves were retained on the adhesive film through the process of the experiment (Fig. 1A) .
When the MAR image on the glass slide (Fig. 1B) was superimposed on the tissue image, dense silver grains were observed, particularly in the nodal vascular anastomoses and the peripheral vascular cylinder in the stem tissue (Fig. 1C) (Hoshikawa 1989) . In the leaf sheath, the large vascular bundles produced more silver grains than the small vascular bundles. With regard to the 109 Cd signals detected in these tissues using IP (Fig. 1D) , in which the signal intensity has a linear relationship with radioactivity, the differences in the degree of blackening in the MAR image were assumed to be related to the 109 Cd concentrations.
In general, MAR is accepted to have no quantitative capability. In other words, there is no linear relationship between the input radioactivity and the blackening of the photosensitive nuclear emulsion, and the degree of blackening cannot be quantitatively compared across slides. The former is an issue rooted in the principle of the daguerreotype, which generates sigmoidal dose-response curves. The latter problem is usually caused by technical variation in the experiment, e.g. the precise thickness of the emulsion layer formed on the glass slide can differ among slides. Given this perspective, with regard to the difference in blackening in one sample, cells with a high degree of blackening can be assumed to have stronger radioactivity than those with a low degree of blackening. Aside from this, emulsion layers were previously available as stripping films (e.g. Kodak AR 10). Because the stripping film had a uniform thickness, the quantitative capability of MAR was ensured; however, the film is no longer in production. Dipping using special equipment could be an alternative method to prepare a uniform emulsion layer on the glass slide (Sanderson 1975 , Marshall and Faulkner 1977 , Markov 1984 , although the procedure is not convenient and could result in a loss of photosensitive nuclear emulsion.
109
Cd was found to be restricted to the vascular bundles after 24 h, and the concentration of 109 Cd in the regular vascular bundles exceeded that in the enlarged vascular bundles (Fig. 1E, F) . Furthermore, the phloem within the regular vascular bundle particularly accumulated 109 Cd (Fig. 1E) , whereas the 109 Cd concentration was generally low in the xylem cells in the enlarged vascular bundles as well as in the peripheral vascular cylinder (Fig. 1E, F) . The regular vascular bundles are continuous with the elongating sink leaf (seventh leaf: L7), suggesting that the phloem saps move in an upward direction. In contrast, phloem sap in the enlarged vascular bundles is more likely to move downward because these vascular bundles are continuous with the young expanded source leaf (sixth leaf: L6). Thus, it could be assumed that 109 Cd is preferentially transported to the sink leaves via the phloem. Accordingly, the concentration of 109 Cd in the elongating L7 and rolled-up eighth leaves (L8) was significantly higher than in the expanded L6 (Fig. 1G, H ). In addition, in L7 and L8, leaf mesophyll cells contained a similar amount of 109 Cd to the vascular bundle, demonstrating the uniform distribution of 109 Cd in the section, which differed from the 109 Cd distribution pattern in L6 (Fig. 1G, H) . The concentration of 109 Cd in xylem was expected to be high in the root tissue compared with that in other tissues. To test this possibility, the 109 Cd distribution in the root sample was also examined. When the sliced section image ( Fig. 2A) was superimposed on the silver grain image (Fig, 2B) , the blackened outer circle overlapped with the epidermis, exodermis and sclerenchyma cells (Fig. 2C) . The cortex tissue contained a small amount of 109 Cd (Fig. 2B, C) , as also observed in the IP image (Fig. 2D) . The 109 Cd concentration in the stele was high (Fig. 2B, C, D) . Within the xylem cells in the stele, the degree of blackening was similar to that in the surrounding cells (Fig. 2B) , which could not be distinguished by the IP image (Fig. 2D) . In addition to the determination of the 109 Cd accumulation in the plant tissues, MAR was performed for phosphate transport in roots, which occurs at a much faster rate than heavy metal accumulation. The distribution of phosphate in the root tissue after 15 min of absorption was studied (Fig. 3) . [ 33 P]Phosphate, a negatively charged compound, reached the stele tissue and started to accumulate during this period (Fig. 3B, C, D) . Interestingly, [
33 P]phosphate produced many silver grains on the sclerenchyma cells and their neighbor cells in the cortex, adjacent to the epidermis and exodermis cells (Fig. 3C) . This observation indicates that phosphate could easily pass through the epidermis and exodermis cell layers, remain around sclerenchyma cells, which were expected to be connected with each other by Casparian strips, and then easily reach the stele without accumulating in the cortex.
Discussion
Several publications have described the preparation of frozen sections from relatively homogeneous and simple-shaped plant tissues such as the root and stem (Sanderson 1972 , Clarkson and Sanderson 1978 , O'Donovan and Vanden Born 1981 . However, when the frozen plant sample consists of several individual tissues or when a large sample tissue is subjected to sectioning using conventional methods, tissue component loss occurs frequently. Recently developed adhesive films permit stable sectioning under freezing temperatures without component loss and enabled the production of fresh-frozen sections in a wide variety of samples (Kawamoto 2003) . Application of the adhesive film to MAR successfully expands the availability of the MAR protocols for fresh-frozen plant sections.
There are two types of photosensitive nuclear emulsion preparation in MAR (Hammarstrom et al. 1965 , Rogers 1979 , Kawamoto 2003 . In the first type, the photosensitive nuclear emulsion coats the section on the slide to create a slide-section-emulsion layer (Kawamoto 2003) . In this case, the emulsion surface frequently exhibits irregularity due to the structure of plant tissue, the cells of which feature a solid cell wall and contracting cell cytoplasm. The irregularity causes disruption of the clear separation between the emulsion plane and the section plane, and produces a mixture of silver grains and plant tissue in the same microscope field. In our initial procedure, we attempted to improve this type of MAR in terms of overcoming the irregularity by optimizing the microscope manipulation, e.g. the composition of the microscope images sequentially obtained moving in the z-axial direction. However, the shadow of the plant cells and silver grains has not been clearly distinguished, and the quality of the MAR images obtained thus far is insufficient for practical use.
In the second type of photosensitive nuclear emulsion preparation, the sliced section is mounted on the photosensitive nuclear emulsion overlying the glass slide, presenting a slideemulsion-section layer and rarely resulting in irregularity. However, this type of MAR method has other problems principally related to retention of the section during the development process (Rogers 1979) . In addition, the adhesive film for retaining the fresh-frozen section was found to hamper the autoradiographic procedure. In fact, we had also attempted to develop the autoradiograph after the adhesive film was stripped from the sliced section sample while the sliced section remained on the emulsion surface. After several trials, the success rate of sample retention during the development process was found to be insufficient for routine usage.
The new method presented in this study achieved clear separation of the photosensitive nuclear emulsion and the section after the exposure by sandwiching a 1.2 mm thick film between them. Then, the emulsion on the glass slide and the section on the adhesive film were individually processed to develop the autoradiograph and tissue image, respectively. This procedure achieved (i) high quality image acquisition of the tissue section because the tissue section was rescued before the glass slide was exposed to the reagent for the development process; (ii) an extremely high rate of sample retention which was directly linked to the high success rate of the experiment; and (iii) a wide choice of tissue staining. On the other hand, the disadvantage of this method is that the positioning accuracy could be reduced due to the separation of the section and the photosensitive nuclear emulsion, and, thus, distribution analysis at the subcellular level could not be expected. In addition, the insertion of the 1.2 mm thick film created a concern about the masking effect, particularly in detecting the b particles at very low energy. On this point, we performed a trial experiment using 3 H, which emits b particles (the mean energy of which is only 5.7 keV), and obtained evidence that the b ray could produce the silver grain through the film (data not shown). To observe the radioisotope distribution in each tissue using MAR at cell-level resolution as shown in Figs. 1-3 , insertion of the film is the optimal method. Generally, the resolution of imaging methods can be measured by using the reference source. That means that the reference radiation source made accurately at the cellular scale (e.g. Stevens 1950 ) is required to verify the cellsize resolution. However, manufacturing such an accurate radiation source is beyond our current technical competency, and thus the resolution of the MAR method presented here could not be measured exactly. Meanwhile, considering that the weak (Fig. 1F) , our MAR method can be suggested to provide the radionuclide distribution image with cellular level resolution at least in the condition where the target radionuclide is 109 Cd in the 5 mm thick slice.
In rice plants, it has been reported that Cd is transported preferentially to the young sink tissue within several hours after root uptake (Fujimaki et al. 2010 , Kobayashi et al. 2013 . Hence, the loading of Cd by the phloem at the early stage of transport after its uptake by the root had long been assumed. The Cd transport to the phloem in the non-elongated stem is implied to have a significant impact on cadmium partitioning in rice plants.
The success in visualizing 33 P after 15 min of exposure demonstrates both the characteristic transport mechanism of phosphate within the root tissue and the high sensitivity of autoradiography, suggesting the potential application of MAR for ion uptake and transport analysis.
When MAR is performed, the addition of IP should effectively complement the quantification of radioactivity. In addition, due to the high sensitivity of IP, radioactivity can be detected by IP prior to the development of the autoradiograph. These IP data can be exploited to estimate the optimum exposure time for MAR, resulting in elimination of the extra development operation and extra sample preparation in MAR experiments.
The MAR method described in this study can be a convenient and powerful tool for clarifying the distribution of any compound and ion at the cellular level in plants. This protocol could also be useful as the validation method for the retention of water-soluble materials during the procedure of freeze fixation and substitution. Furthermore, the fact that 14 C and 3 H, which emit b particles at very low energy, are suitable isotopes for autoradiography can further expand the application properties of MAR for the analysis of various chemical compounds. Conversely, a radionuclide emitting long-range particles could also produce a high-definition autoradiograph if the radionuclide emits a low-energy electron ray at the same time because the low-energy electron ray contributes greatly to the creation of the microautoradiograph. Several radionuclides including 54 Cd have this property (Forberg et al. 1964, Takahashi and Sato 1996) . The variety of radionuclides applicable to autoradiography makes it attractive for the use of this procedure in plant science.
Materials and Methods

Plant growth and radioisotope addition
Rice plants (Oryza sativa cv. Nipponbare) were cultured hydroponically in a growth chamber set at 30 C with a 16 h photoperiod for 3 weeks as previously described (Tanoi et al. 2011) . Then, either 33 P]phosphate were sampled 15 min after addition of the isotope. Immediately after sampling, plantlets were rinsed under running water, and the basal part of the shoot containing several roots were excised and frozen with liquid nitrogen. Fig. 4 Schematic illustration of the microautoradiography (MAR) method for fresh-frozen plant sections characterized by the separation process. The insertion of the 1.2 mm thick polyphenylene sulfide (PPS) film between the frozen section sample and the photosensitive nuclear emulsion on the glass slide permitted the easy separation of the section and the emulsion after exposure for several weeks. Progression of the development and the tissue processing separately improved the likelihood of success of MAR. Fresh-frozen plant sections of 5 mm in thickness attached to the adhesive film were prepared as previously reported (Kobayashi et al. 2013 ).
Preparation of fresh-frozen sections
Sectioning was performed using the Cryo-Film transfer kit (Section-Lab) as described previously (Kawamoto 2003) . Briefly, the frozen rice samples were embedded in a dedicated embedding medium (SCEM; Section-Lab) and serially sliced into 5 mm thick sections using a Cryostat (CM1850; Leica Microsystems) set at À20 C. After the targeted tissue was embedded, the surface was tightly covered with adhesive film [Cryo-Film type 2C(9); Section-Lab] and then carefully sliced to produce fresh-frozen sections.
Preparation of the glass slide coated with photosensitive nuclear emulsion
The photosensitive liquid nuclear emulsion (Ilford Nuclear Emulsion Type K5; Harman Technology Ltd.) was melted at 45 C, after which 0.08% (w/w) sodium di(2-ethylhexyl) sulfosuccinate was added (Nagata 2002) . To form an emulsion membrane, the loop method was adopted (Miller et al. 1964) . In this method, vinyl-coated wire was molded into the 80 mmÂ35 mm loop, dipped completely into the melted emulsion and subsequently withdrawn. Once the emulsion membrane was semi-dried in the loop within 1 min, the membrane was applied to the hydrophilic amino-coated glass slide (MAS-GP type A; Matsunami glass Ind., Ltd.) ( Supplementary Fig.  S1 ). After the emulsion on the glass slide dried, the slides were subsequently used for MAR or otherwise stored in a light-tight box with silica gel for a maximum of 1 month. Note that all of these processes were conducted under a safe light, and the room temperature was maintained at 20 C.
Exposure to the photosensitive nuclear emulsion
The emulsion-coated glass slides were put on a 1.5 mm thick aluminum plate, tightly sealed with 1.2 mm thick polyphenylene sulfide film (One-touch film; ING Co.), and then placed in the freezer before the MAR experiment for pre-cooling. Additionally, some clamps and another aluminum plate on which a 3 mm thick urethane foam sheet was pasted were also pre-cooled in the freezer. After the emulsion-coated glass slides were completely cooled, the fresh-frozen sections were put on the emulsion with the polyphenylene sulfide film slipped in between them (Fig. 4) . Then, the pre-cooled aluminum plate with the urethane foam sheet was lowered onto the adhesive film-carrying sections on the other side to sandwich the sections and glass slides between the two aluminum plates. The sandwich was then further wrapped in aluminum foil and pressed using clamps. These setting operations were performed in the cryostat set at À20 C in the dark room. After the setting was complete, the sample was put in the freezer at À80 C for exposure (Fig. 4) . For the stem and root autoradiographs, the exposure times were 6 d and 3 weeks, respectively.
Development of the microautoradiographs
After the exposure was completed, the sample was put at À20 C and the clamps, aluminum foil, and aluminum plate with the urethane foam sheet were immediately removed. Then, the sections on the adhesive film were removed from the cryostat and floated on ethanol for 2 min followed by water for 2 min at room temperature to wash out the embedding material (Fig. 4) . Afterward, the sections on the film were stained with hematoxylin as needed, according to the protocol supplied with the Cryo-Film transfer kit (Section-Lab). The sections were then mounted on a new glass slide using a glycerol-based mounting medium (SCMM; Section-Lab).
The glass slides coated with the photosensitive nuclear emulsion were separated from the polyphenylene sulfide film and aluminum plate, and soaked in quarter-strength Kodak D-19 developer (Kodak Ltd.) for 6 min at room temperature to develop the silver grains. Then, the slides were soaked in distilled water for 1 min to stop the development, followed by exposure to 0.83 mol l -1 sodium thiosulfate for 4 min for fixation. At this stage, dipping was carefully handled because the photosensitive nuclear emulsion could become soft and relatively vulnerable to flaking. Finally, the glass slides were soaked in distilled water for 20 min. The temperature of the darkroom was maintained at 20 C to ensure development.
Microscope observation and image processing
The structure of the tissues in the section and the silver grain produced in the photosensitive nuclear emulsion were observed and photographed using a microscope (BX-60; Olympus) equipped with an objective lens which magnified the specimen four times. The pixel size of the photograph was 0.658 mm. Then, the tissue images and radiographs were constructed and superimposed using ImageJ (Abràmoff et al. 2004 ) and GIMP software (http://www.gimp.org). First, linear contrast enhancement was performed on the tissue images and radiographs using ImageJ. Next, coordinate transformation was done in order to overlap the tissue image with the radiograph using the ImageJ plug-in Kbi Registration software (http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/ImageJKbiPlugins). The background of the radiographs was made transparent by the Color to Alpha command, and then the gray-scale color of the radiograph was transformed to magenta by hue transformation using the GIMP software. Finally, the radiograph was overlaid on the desaturated tissue image using GIMP, and the opacity of the radiograph layer was adjusted appropriately.
Autoradiography using IP
Fresh-frozen sections adjacent to the sections subjected to MAR were prepared for autoradiography experiments using IP (BAS IP TR; GE Healthcare). A previously reported protocol was followed (Kobayashi et al. 2013 ). The exception was that the thickness of the section was 5 mm and a 1.2 mm thick polyphenylene sulfide film (One-touch film; ING Co.) was sandwiched between the section and the IP. The exposure time required for 109 Cd and 33 P imaging was 12 h at À80 C.
